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Abstract
The important experimental parameters affecting the mode locking of a variety of ( GaAl)As injection lasers
operating in an external optical cavity are described. We find that short detector -limited pulses (less than
60 psec) with 100% modulation depth can only be obtained using lasers that exhibit either an anomalous narrow -
band noise resonance or self pulsations. Little or no mode locking is observed in lasers having the normal
broad noise resonance. The maximum frequency of the mode -locked pulses is ul GHz and is limited by the laser
and not the external cavity. The observed amplitude, pulse width, and frequency of the mode -locked pulses
are correlated to the degree of self- pulsation and the external cavity length. The experimental results are
in qualitative agreement with a model that uses the rate equations modified by either electron traps or satur-
able absorbers and a delayed feedback term. Our results appear to imply that mode locking in (GaAl)As injec-
tion lasers is related to saturable absorbing centers and is very similar to passive mode locking in dye
lasers.
Introduction
In recent years, the mode locking of (GaAl)As injection lasersl 7 has been reported. Pulses as short as
5 psec have been obtained by operating an injection laser in an external cavity.4 A high- speed, compact opti-
cal pulse generator with high peak power can be used for injection locking microwave semiconductor sources at
GHz rates; characterizing optical fiber systems (e.g., dispersion, loss, transient response); and character-
izing high -speed electronic devices.
We have extensively characterized mode- locking in various commercial (GaAl)As injection lasers. We have
observed that short detector -limited pulses (less than 60 psec) with 100% modulation depth and til GHz repeti-
tion rate can only be obtained in lasers having either a narrow -band noise resonance or self -pulsations. The
amplitude and pulse width of the mode- locked pulses are a strong function of the external cavity length and the
laser current.
Experimental Set -Up and DC Characteristics
Figure 1 shows the experimental arrangement for the external cavity geometry. We have used several dif-
ferent types of specially selected commercial (GaAl)As injection lasers (BH, CDH, CSP, and proton stripe),
including some with one facet having an A1203 antireflection (AR) coating. The lasers operate cw at all
times. The external resonator consists of a 40x microscope objective and a flat mirror. The experimental
arrangement consists of mounting the laser at the end of a microstrip bias tee with a 47 -Q resistor placed in
series with the rf input to provide impedance matching. The external cavity is aligned by collimating the
output beam from one facet of the laser and adjusting the return beam so as to increase the laser output from
the other facet. The final alignment can be easily accomplished using PZT- controlled micrometers; however,
these are not essential. The light output from the second facet of the laser is collected onto a high -speed
detector. We have used two high -speed detectors: a Telefunken APD (S171P) and a Spectral Physics (403B).
The rf input to the laser is provided by an HP sweep oscillator (8690B). The maximum rf input to the laser
is estimated to be less than a few milliwatts for the cases considered. The output from the high -speed detec-
tors is fed to either an HP spectrum analyzer (8565A) or a Tektronix sampling oscilloscope (S11).
Figure 2 shows typical light output versus current characteristics for different types of laser structures
operating with an external resonator (ER). For comparison, we have also shown the light output characteris-
tics with no external cavity. Note that there is a reduction of the threshold current when the external
cavity is aligned. Successful mode locking occurs when the dc bias is within the shaded region of Figure 2.
Dynamic Characteristics of Injection Lasers Operating in an External Cavity
The dynamic characteristics of injection lasers operating in an external optical cavity have been discussed
by many authors.8 Broom et al.9 obtained self - induced sinusoidal resonances at a frequency corresponding to
either the inverse transit time or a harmonic of the relaxation oscillation resonance. The experimental
results were explained by assuming an interaction between photons, injected carriers, and longitudinal mode
effects. No account of the delayed feedback from the external cavity was considered. Paoli and Ripper -0
characterized the operation of self -pulsing lasers operating in an external cavity. They concluded that
sharp pulsations could he obtained by using either electrical or optical feedback. Pulses as short as
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180 psec (detector limited) were obtained. Furthermore, they obtained frequency locking and jumping effects.
Recently, several workers have observed a sharp pulsation of the light output when the injection laser is
driven at the inverse transit time fc of the external cavity.1 -7 The initial demonstrations have attributed
this effect to active mode locking and were able to generate pulses 20 psec in width at a 3 -GHz repetition
rate.1 Recently, Ippen et al.4 have demonstrated that pulses 5 psec in width can be generated from ( GaAl)As
injection lasers having a high density of saturable absorbing centers.
The question arises as to the mechanism responsible for the observed effects: are there any relationships
between self -pulsations, induced resonances, and the recent mode -locking experiments? We believe the answer
is yes.
We have observed a direct relationship between lasers that exhibit either an anomalous narrow -band noise
resonance or self -pulsations and the ability of those lasers to be mode locked. Figure 3 shows a typical
light output versus frequency plot for a "well- behaved" (GaAl)As injection laser. Several observations can be
made. Every laser studied exhibits a relatively broad noise resonance that occurs above 500 MHz and varies
with current. The amplitude of the noise resonance tends to decrease as current increases above threshold.
Figure 4 shows the light output versus frequency when the laser is placed in an external optical cavity. The
figure shows that resonances corresponding to harmonics of the inverse transit time, fc, can be induced.
The resonance bandwidth is typically 50 MHz or greater. To attempt to mode lock the injection laser, we
introduced an external rf signal into the laser. The frequency of the rf signal was adjusted to correspond to
fe. Figure 5 is a photograph displaying the light output; it shows that the pulse width is not very sharp.
We should further note that it is always possible to obtain a pulse output by applying a large rf signal and
operating the laser near threshold. However, this phenomenon is predicted by the conventional rate equations
and is produced by harmonic distortion. In this mode of operation, the pulse amplitude and width are rela-
tively insensitive to frequency (over a 100 -MHz bandwidth). Thus, we conclude that mode locking is very weak
or not present at all in lasers having a regular noise resonance.
Figure 6 shows a typical photograph displaying the light output versus frequency plot for a laser display-
ing narrow -band noise resonances. The measurements were taken without an external cavity. The sharp reson-
ances develop at a current slightly above threshold, and in some of the lasers studied the output breaks into
a self- pulsation similar to that reported by previous workers.11,12 The bandwidth of the resonance is typi-
cally less than 10 MHz. When the laser is operated in an external cavity and the current lies within the
shaded region of Figure 2, sharp resonances can be induced at the inverse transit time fe and at harmonics.
This is shown in Figure 7. The bandwidth of the induced resonance can be less than 1 MHz. For the laser
described in Figure 7, a sharp pulsation of the light output can be induced when the current is modulated at
the inverse transit time fe. A typical temporal display is shown in Figure 8(a). Figure 8(b) shows a high -
resolution temporal display. Note that the pulse width is detector limited (Tp1/2 < 60 psec) and the modula-
tion depth is close to 100% for those lasers having a sharp noise resonance. We have obtained efficient mod -
locked pulses with frequencies ranging from 400 MHz to 1.2 GHz. The optimum frequency depends on the actual
laser structure used.
The amplitude, pulse width, and frequency of the mode -locked pulses depend on several factors. First,
assuming that lasers displaying a narrow band noise resonance have a high density of saturable absorbing cen-
ters, then it follows that we can describe the process using the conventional rate equations modified by two
important parameters: (1) the effects of saturable absorbing centers in the manner of Copeland13 and (2) the
effect of the external cavity by introducing a delayed feedback term.14 Numerical calculations14,15,16 pre-
dict that pulsations can be induced when the density of saturable absorbers is high and the optical coupling
from the external cavity is above a certain level. We expect the amplitude, pulse width, and frequency of the
induced pulsations to vary both with the external cavity length and the injection current. Experimentally,
we find that in weakly self -pulsing lasers the mode -locked pulses are relatively wide (Tpl/2 L 400 psec), as
shown in Figure 9. In strongly self -pulsing lasers with very well defined noise resonances, it is possible
to induce pulsations without an external rf signal. This is shown in Figure 10. Blocking the external cavity
quenches the mode -locked pulses, while application of an rf signal at fe tends to stabilize the pulses. This
result implies a type of passive mode -locking similar to that observed in dye lasers.
Conclusions
In this paper we have described the process of mode -locking in (GaAl)As injection lasers. We have observed
that detector -limited pulses (Tp1/2 < 60 psec) and 100% modulation depth can only be obtained in lasers having
either a narrow band noise resonance or self -pulsations. Little or no mode locking is observed in lasers
having the regular noise resonance. Our results imply that mode locking in ( GaAl)As injection lasers is
related to saturable absorbing centers within the laser cavity.
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external cavity arrangement.
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Experimental light output versus frequency
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I=73mA
L=22.2cm
Figure 4. Experimental light output versus frequency plot when an
external cavity is aligned with the lasers described in Figure 3.
0.1 GHz 1.8 GHz
I= 1.051th
I = 1.07 Ith
I=1.0slth
I = 1.12 Ith
Figure 6. Experimental light output versus
frequency for a laser displaying an
anomalous noise frequency response.
No external cavity is present.
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Figure 5. Experimental temporal display showing
the light output when the laser
described in Figures 3 and 4 are oper-
ated in an external cavity and modu-
lated at f .
c
0.01 GHz 1.8 GHz
I=106mA
L=31.75cm
Figure 7. Experimental light output versus
frequency plot when an external cavity
is aligned with the laser described in
Figure 6.
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CAVITY BLOCKED
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T
P1/2
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.4- WITH CAVITY
BLOCKED
4- WITH EXTERNAL
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TP112 60 Ps
Figure 8. Temporal display when an rf signal with a frequency
corresponding to fc is applied to a laser similar
to that described in Figures 6 and 7. In (a) we
show the temporal display taken with a Si APD. In
(b) we show a high resolution temporal display taken
with a high -speed detector (Spectral Physics 403B).
1=72mA
L = 23.5 cm
T
P7/2
= 300 ps
Figure 9. Temporal display corresponding to a
weakly pulsing laser when operated
in an external cavity and the current
is modulated at f .
c
(a)
(b)
I=105mA
L=30.48cm
T < 200 ps
Pi/2
I = 97 mA
L=30.48cm
T
P1/2
< 200 ps
Figure 10. Temporal display of a strongly self -pulsing
laser when operated in an external cavity.
(a) No rf modulation is used. (b) modu-
lated at fc.
SP /E Vol 269 Integrated Optics (1981 ) / 97
I   
BLO
  
ALI
P 1/2   
• WITH CAVIT  
WITH EXTERN  
I
T P 1/2 < 60 ps
8   
Q  
 6 7  (  
.  
)  
-speed detector 403
( )
r 1/2
I   
.  
0' 
1
I = 105m  
 = 30 4  cm
 200 -
9.  
 
 
f .   
 = 30 4  en
p 200 p  P1/2
10  display of a strongly self  
i a external cavi , 
a) o  , )  
f r .
PIE Vol. 269 integrated Optics (1981) / 
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/10/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
